The pleiotropic cytokine interleukin 6 (IL-6) is involved in immune cell homeostasis. Additionally, IL-6 expression and signaling in tumor cells have been shown to elicit both protumor and antitumor properties. There is a plethora of mechanistic knowledge regarding how IL-6 signal transduction translates to biological responses. However, there is little understanding as to what factors control IL-6 expression within a tumor cell environment. The studies presented herein show that, in MCF-7 breast and ECC-1 endocervical cancer cells, the stimulation of aryl hydrocarbon receptor (AHR) activity, in combination with IL-1B or phorbol 12-myristate 13-acetate (PMA) treatment, results in a marked synergistic induction of IL-6 levels over what is seen without AHR activation. Chromatin immunoprecipitation experiments suggest that the regulation of IL-6 mRNA expression occurs at the chromatin level, as AHR presence on the IL-6 promoter was observed in response to treatment with AHR ligand. Synergistic induction of IL-6 expression was sustained for 72 hours, with accumulation of IL-6 protein reaching levels 4.8-fold above IL-1B treatment alone. In addition, transcriptional regulation of the prototypic AHR responsive gene Cyp1a1 was negatively regulated by PMA and IL-1B treatment. Silencing of RELA expression alleviated IL-1B-mediated repression of AHR transcriptional activity, whereas PMA-mediated repression was maintained. Additionally, small interfering RNA studies reveal that AHR and RELA are necessary for synergistic induction of IL-6. The findings presented here reveal the AHR as a potential therapeutic target for selective modulation of IL-6 expression in some tumor cell types. The data also suggest a possible previously unrecognized mechanism of AHRmediated tumor promotion. [Cancer Res 2008;68(10):3609-17] 
Introduction
During the late 1960s, an autosomal dominant genetic factor was found to be responsible for mediating the onset of a plethora of deleterious health effects associated with exposure to environmental pollutants from the polycyclic and halogenated aromatic hydrocarbon families (1) . This genetic factor was called the aryl hydrocarbon (ah) locus, which later was cloned and identified as a soluble ligand-activated transcription factor, termed the ah receptor (AHR; ref. 2) . The AHR has often been studied through its role in mediating the toxicity of 2,3,7,8-tetrachlorodibenzop-dioxin (TCDD). This persistent environmental contaminant bioaccumulates in the food chain and is essentially not metabolized by mammals. Its adverse biological effects in vertebrates include teratogenesis, reproductive and liver toxicity, immune dysfunction, and tumor promotion. These deleterious effects observed are both species-specific and organ-specific, with the hallmark of acute human exposure being chloracne. TCDD has been shown to be a potent promoter of ovarian, liver, and skin tumor formation in two-stage carcinogenesis rodent models (3) (4) (5) . Interestingly, formation of skin tumors after sequential treatment with a mutagen and TCDD in mice was linked to the hairless locus. Transgenic mice expressing a constitutively active mutant AHR form liver tumors after exposure to N-nitrosodiethylamine as an initiator (6) . This study further supports the concept that TCDD mediates its tumor promotional effects through the activation of the AHR. The precise mechanism(s) of AHR-mediated tumor promotion are largely unknown, although several theories have been proposed (7) .
Currently, it is believed that the AHR functions through its ability to directly modulate transcription. The AHR is also known to functionally interact with numerous transcription factor pathways, and various reports have shown cross-talk between the immunologically relevant estrogen receptor (ER) or nuclear factor-nB (NF-nB) transcription factors and the AHR ( for reviews, see refs. 8, 9) . For example, influence of AHR on NF-nB signaling has been shown in immune and nonimmune cells (10, 11) . Through these interactions, the AHR can function cooperatively to regulate gene expression in a range of cell types apparently without binding to its cognate response element. Whether the AHR can modulate expression of key NF-nB target genes, such as interleukin 6 (IL-6), is poorly understood. However, TCDD has been shown to repress IL-6 production in BMS2 cells, a bone marrow stromal cell line (12) .
IL-6 is a pleiotropic cytokine classically involved in the acute phase response, as well as lymphocyte differentiation and proliferation after inflammatory stimuli. Similar to transcription factors, like NF-nB, IL-6 expression and function are also detected in various types of nonimmune tissues, such as skin (13, 14) and the nervous system (15) . Additionally, IL-6 expression in tumor cells is known to elicit both protumorigenic and antitumorigenic properties. High expression of IL-6 in prostate cancer cells has been shown to result in enhanced androgen receptor-dependent growth rate (16) , decreased sensitivity to chemotherapeutic drugs (17) , and resistance to apoptosis (18) , whereas numerous clinical studies have shown that cervical cancer leads to elevated IL-6 levels and elevated IL-6 gene expression has been correlated with the presence of invasive cervical carcinomas (19) (20) (21) . However, IL-6 expression in breast cancer has been implicated to correlate both positively and negatively with overall prognosis (as reviewed in ref. 22) . Interestingly, whereas IL-6 expression has been detected in normal mammary epithelial cells, there seems to be a lack of IL-6 expression in breast ductal carcinoma tumors (23) . Low IL-6 levels have been observed in certain established breast cancer cell lines, such as MCF-7 cells (24) . Whether the lack of IL-6 expression enhances or represses the tumorigenic potential or ability to metastasize in vivo is poorly understood and is dependent on the tumor type, as well as the level of tumor progression.
Mounting evidence shows IL-6 expression and functionality in a broad range of tumor cells; however, there is less known about what factors regulate IL-6 expression in these cells. The results presented in this study show for the first time that activation of AHR signaling, coupled with inflammatory signaling, mediates the synergistic induction of IL-6 expression in some cancer cells that are normally largely refractory to cytokine-induced IL-6 transcription. Surprisingly, the signaling conditions leading to the greatest enhancement of IL-6 expression are repressive for AHR-responsive transcription of the prototypic AHR-regulated gene Cyp1a1. Furthermore, the results presented here identify a possible mechanism of AHR-mediated tumor promotion.
Materials and Methods
Cell culture. MCF-7 breast and ECC-1 endocervical tumor cells were maintained at 37jC, 5% CO 2 in a high glucose DMEM (Sigma), supplemented with 7% fetal bovine serum (FBS; Hyclone Labs.), 1,000 units/mL penicillin, and 0.1 mg/mL streptomycin (Sigma).
Gene expression. MCF-7 cells were serum-starved, and ECC-1 cells were placed in media containing 1% dextran/charcoal-stripped serum (Hyclone) 18 h before treatment. Treatment of cells was performed by diluting compounds to the desired working concentration (see figure legends) in serum-free media supplemented with 3 mg/mL bovine serum albumin (BSA) or, in the case of ECC-1 cells, in 1% dextran/charcoal-stripped serum. Total RNA was extracted from the cells using TRI reagent (Sigma) as specified by the manufacturer. The ABI high-capacity cDNA archive kit (Applied Biosystems) was used to prepare cDNA from isolated RNA. Measurements of mRNA expression for all samples were performed by quantitative real-time PCR using the iQ SYBR Green Supermix kit on an iCycler DNA engine equipped with the MyiQ single color real-time PCR detection system (Bio-Rad). Expressed quantities of mRNA were normalized to gapdh levels and plotted using GraphPad Prism 4.00 (GraphPad Software). Histograms are plotted as mean values of multiple biological samples, and error bars represent the SDs.
Immunoblotting. Whole-cell extracts were prepared by lysing cells in 1Â radioimmunoprecipitation assay buffer [RIPA; 10 mmol/L Tris-HCl (pH 8.0), 1 mmol/L EDTA, 0.5 mmol/L EGTA, 140 mmol/L NaCl, 1% Triton X-100, 0.1% Na-deoxycholate, 0.1% SDS] buffer supplemented with 1% NP40, 300 mmol/L NaCl, and protease inhibitor cocktail (Sigma). Homogenates were centrifuged at 21,000 Â g for 30 min at 4j C, and the soluble fraction was collected as whole-cell extract. Protein concentrations were determined using the detergent compatible Bio-Rad D C protein assay kit (Bio-Rad). Protein samples were resolved by Tricine SDS-PAGE and transferred to membrane. Immunoblotting was performed using antibodies directed against AHR (Biomol), CYP1A1, ARNT, c-JUN, CAAT/enhancer binding protein h (C/EBPh), RELA (Santa Cruz), and p23 (provided by Dr. David Toft, Mayo Clinic). Proteins were visualized using biotin-conjugated secondary antibodies (Jackson Immunoresearch) in conjunction with 125 I streptavidin (Amersham).
ELISA assay. To quantify IL-6 protein expression, media were collected from treated cells at 24, 48, and 72 h posttreatment and frozen at À80jC until analyzed. Briefly, 96-well optical dishes were prebound with 50 AL of 2 Ag/mL antihuman IL-6 monoclonal antibody (R&D Systems) in 0.1 mol/L NaHCO 3 overnight at 4jC. Plates were washed extensively with PBS plus 0.05% Tween 20 (PBST) and then blocked with 1% BSA diluted in PBS for at least 2 h. Plates were washed extensively with PBST. Samples were added (100 AL/well) in duplicate and incubated overnight at 4jC. Recombinant human IL-6 (10,000-10 pg/mL; R&D Systems, rh IL-6) diluted in serum-free culture media was used as a standard. Plates were washed with PBST and incubated with 100 AL of 0.2 Ag/mL biotinylated goat anti-human IL-6 antibody (R&D Systems) for 2 h. Plates were washed extensively with PBST and incubated with 100 AL of 1 Ag/mL streptavidin (Pierce) diluted in PBS for 30 min at room temperature. Plates were washed extensively with PBST followed by a final incubation with 100 AL of a 0.3 mg/mL 2,2-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) and 100 mmol/L citric acid solution (pH 4.35) plus 0.03% H 2 O 2 in the dark. Colorimetric assay was performed f30 to 90 min later by reading absorbance at 405 nm on a Spectracount spectrophotometer, and data were analyzed using I-Smart software (Perkin-Elmer).
Chromatin immunoprecipitation assays. Chromatin immunoprecipitation (ChIP) assays were performed as described by Beischlag et al. (25) . Briefly, cells were plated into 150 cm 2 dishes and serum-starved 18 h before treatment. Treatment of cells was done in serum-free media supplemented with 3 mg/mL BSA for 45 min. Chromatin complexes were chemically crosslinked using a 1% formaldehyde/0.7 mol/L HEPES solution (final concentration), and complexes were sonicated to yield DNA fragments of 200 to 900 bp size. Complexes were precleared with protein A agarose resin (Pierce) and incubated overnight with specific antibodies [AHR rabbit polyclonal or acetylated histone-4 (Upstate) with cathepsin D (Santa Cruz) as a negative control]. Immunoadsorbed complexes were captured on protein A agarose resin and washed twice with 0.5Â RIPA, followed by two washes with 10 mmol/L Tris-HCl (pH 8.0) and 0.5 mol/LEDTA. Samples were eluted off of the resin using 100 mmol/L NaHCO 3 and 1% SDS, and crosslinks were reversed at 65j C overnight. Immunoadsorbed DNA was analyzed by PCR using the following primers: IL-6 promoter (5 ¶-AGCACTGGCAGCACAAGGCAAAC-3 ¶ and 5 ¶-CAAGCCTGGGATTAT-GAAGAAGG-3 ¶), Cyp1a1 enhancer (5 ¶-TAAGAGCCCCGCCCCGACTTCCT-3 ¶ and 5 ¶-TAGCTTGCGTGCGCCGGCGACAT-3 ¶). Cyp1a1 and IL-6 ChIP primers are previously published (25, 26) .
Gene silencing. RELA (Dharmacon, J-003533-06, J-003533-07), C/EBPh (Ambion, AM16708), hAhR (Dharmacon, J004990-07), and c-JUN (Dharmacon, J-003268-10) mRNA levels were decreased using Dharmacon On-Target plus or Ambion silencer small interfering RNA (siRNA) oligos. Dharmafect transfections were performed essentially as recommended by the manufacturer using Dharmafect 1 transfection reagent. Oligos were transfected at 100 nmol/L onto cells in serum-free/antibiotic-free media. After 48 h, cells were treated and processed as described above for gene expression experiments. In some experiments, electroporation/nucleofection was performed using the Amaxa nucleofection system essentially as described in manufacturer protocols. Briefly, cells were washed and suspended at a concentration of 3.0 Â 10 6 per 100 AL of Amaxa nucleofector solution from Nucleofection kit V. Control or targeted siRNA was added to the sample for a final concentration of 2 Amol/L per sample. Samples were electroporated using manufacturer's high efficiency program and plated into six-well dishes in complete media.
Conditioned media preparation. Undifferentiated THP-1 cells were plated at a density of 5 Â 10 5 cells/mL in RPMI media supplemented with 7% FBS, 1,000 units/mL penicillin, and 0.1 mg/mL streptomycin. Phorbol 12-myristate 13-acetate (PMA) was added to the media for a final concentration of 81 nmol/L for 24 h to promote differentiation. THP-1 cells were washed with PBS followed by the addition of serum-free RPMI containing 5 mg/mL BSA, penicillin, streptomycin, and 100 ng/mL lipopolysaccharide (LPS) and incubated for 24 h.
Results
PMA-mediated repression of Cyp1a1 expression. Previous studies have shown that AHR activity is modulated after exposure to the tumor promoter PMA. However, whether the mechanism of PMA-mediated modulation of AHR target gene expression is similar to the type of repression seen with cytokines has not been explored. Furthermore, whether there is cross-talk between cytokine signaling and AHR that leads to AHR-mediated modulation of cytokine signaling has also not been significantly examined. The effects of PMA on AHR activity have been postulated to be due to the ability of PMA to alter protein kinase C (PKC) signaling. However, many of these effects have been measured through reporter studies (27, 28) and sometimes are in direct conflict with observations made in vivo (29) . Therefore, we addressed PMA modulation of AHR activity with respect to endogenous gene regulation using quantitative real-time PCR. In contrast to previous reporter studies that described enhanced AHR activity resulting from PMA treatment, the cotreatment of MCF-7 cells with 10 nmol/L TCDD and 81 nmol/L PMA for 2 hours results in a marked decrease in the production of the AHR-regulated gene Cyp1a1 compared with TCDD alone (Fig. 1A ). This decrease in Cyp1a1 mRNA production is presumably due to an overall decrease in AHR transcriptional activity, as evidenced by the reduction in histone-4 acetylation at the Cyp1a1 enhancer ( Supplementary  Fig. S1A ). In addition, actinomycin D treatment showed no differences in turnover rates of Cyp1a1 mRNA between treatments (data not shown), demonstrating that the repressive effect of PMA is at the transcriptional level.
PMA and TCDD synergistically induce IL-6 expression, but not IL-8. In addition to regulating PKC signaling, PMA is known to increase the activity of the activator protein 1 (AP-1), NF-nB, and C/EBPh transcription factors (30) (31) (32) (33) . To determine if one or more of these factors could be activated in MCF-7 cells during the aforementioned treatments, we measured IL-6 mRNA levels, the expression of which can be regulated by these transcription factors (34) . Unexpectedly, IL-6 mRNA levels were greatly elevated when cells were cotreated with PMA and TCDD, compared with PMA alone (Fig. 1B) . This synergistic induction of IL-6 expression occurred in a dose-dependent manner and showed a similar pharmacologic profile as seen for Cyp1a1 mRNA repression (Fig. 1C, a and b) , with EC 50 and IC 50 values of f1 nmol/L. Maximal regulation of Cyp1a1 and IL-6 mRNA expression was seen at f10 nmol/L PMA. Interestingly, the synergistic induction of IL-6 is not directly applicable to all PMA-responsive genes. PMA treatment resulted in a pronounced induction of IL-8 (Fig. 1D) compared with IL-6, but no enhancement in expression was observed after TCDD cotreatment. The repression of Cyp1a1 mRNA induction, as well as the synergistic elevation of IL-6 occurs after exposure to nonsaturating concentrations of the AHR ligand TCDD ( Fig. 2A, a and b) , demonstrating that this transcriptional regulation is not merely a high-dose effect. Additionally, activation of the AHR by benzo(a)pyrene also results in PMA-mediated repression of Cyp1a1 and synergistic induction of IL-6 mRNA levels, showing that these effects are not unique to the metabolically resistant TCDD (Fig. 2B) .
IL-1B and TCDD synergize to elevate IL-6 levels in an AHRdependent manner. In many normal cell types, the physiologically relevant proinflammatory cytokine IL-1h is a potent inducer of IL-6 Figure 1 . The repression of Cyp1a1 expression and synergistic induction of IL-6 mRNA is mediated by PMA treatment in combination with AHR activation. A and B, MCF-7 cells were plated in six-well dishes, serum-starved for 18 h, and treated with DMSO vehicle, 81 nmol/L PMA, 5 nmol/L TCDD, or TCDD and PMA. After 2 h, total RNA was isolated, cDNA was prepared, and relative Cyp1a1 and IL-6 mRNA levels were determined by quantitative real-time PCR. C (a and b) and D, Cyp1a1, IL-6 , and IL-8 mRNA levels were determined after a 2-h treatment of increasing doses of PMA in combination with 1 nmol/L TCDD. Gene expression values are the average of triplicate samples normalized to cellular levels of gapdh mRNA. Error bars, SD between samples. Note that in C, Cyp1a1 and IL-6 values obtained in the absence of TCDD treatment were determined at 0 and 100 nmol/L PMA only.
expression. Therefore, we wanted to determine whether activation of the AHR in combination with IL-1h treatment would result in synergistic induction of IL-6 expression. Indeed, cotreatment of cells with TCDD and IL-1h resulted in a substantial elevation of IL-6 mRNA expression over that observed with IL-1h alone (Fig. 2D, b) . Similar to what is observed with PMA exposure, the cotreatment of MCF-7 cells with IL-1h and TCDD resulted in lower expression of Cyp1a1 mRNA than with TCDD alone (Fig. 2D, a) . To prove that TCDD induced a synergistic increase in IL-6 mRNA in MCF-7 cells through AHR activation, cells were pretreated with the AHR partial antagonist a-naphthoflavone (a-NF; 0.5 Amol/L), followed by AHR activation with TCDD with or without PMA or IL-1h cotreatment. As seen in Fig. 2C , a-NF ablates the synergistic induction of IL-6 mRNA in the presence of TCDD, demonstrating the requirement for AHR activation.
IL-1B represses TCDD-mediated induction of CYP1A1 protein levels. It was imperative to determine if the changes observed in Cyp1a1 and IL-6 mRNA expression were also manifested at the protein level. As expected, TCDD-induced CYP1A1 expression in MCF-7 cells was lower in cells cotreated with PMA (10 and 81 nmol/L) or IL-1h compared with TCDD alone. This decrease in CYP1A1 levels was observed after short-term treatment (5.5 hours) and was maintained for at least 20 hours, with f50% reduction in the presence of IL-1h (Fig. 3A and B) . Note that the nonspecific bands in Fig. 3A are due to the overall low levels of CYP1A1 expression compared with what is seen after 20 hours (Fig. 3B) . Additionally, PMA treatment resulted in a rapid and sustained elevation in AHR protein levels. Whether this is due to increased AHR synthesis or stabilization is not clear but, despite the higher receptor levels present, CYP1A1 expression in the presence of TCDD remains lower than without PMA exposure. Interestingly, despite the PMA-mediated elevation of AHR levels even after 20 hours of treatment, the combination of TCDD and PMA mediates a marked reduction in AHR levels.
IL-1B and TCDD synergize to mediate a sustained induction of IL-6 mRNA and protein. Remarkably, the synergistic induction and accumulation of IL-6 mRNA was sustained after a single treatment with TCDD and IL-1h for at least 72 hours (Fig. 3C) . Whereas IL-1h treatment alone resulted in a modest induction of IL-6 mRNA levels (10.6-fold, 10.7-fold, and 24.5-fold at 24, 48, and 72 hours, respectively), the cotreatment of serum-starved MCF-7 cells with TCDD and IL-1h caused a much greater level of expression (50-fold, 95-fold, and 154-fold at 24, 48, and 72 hours, respectively). The accumulation of IL-6 protein in the media correlated well with mRNA expression, and importantly the concentrations of IL-6 in TCDD/IL-1h cotreated cell media were found at physiologically significant levels (Fig. 3D) .
RELA expression is required for IL-1B-induced repression of TCDD-induced CYP1a1 expression. As previously mentioned, PMA and IL-1h signal transduction cascades are able to alter the activity of the AP-1, NF-nB, and C/EBPh transcription factors. After a 5.5-hour treatment with PMA (10 and 81 nmol/L) or IL-1h, enhanced expression of C/EBPh and c-JUN protein levels was observed. Cotreatment with TCDD did not result in any additional changes in the induction of C/EBPh and c-JUN protein expression. RELA levels were also unaffected by any of the treatment conditions (Fig. 4A) . Individual reduction of c-JUN and C/EBPh expression by siRNA had no effect on the ability of PMA or IL-1h to inhibit the induction of Cyp1a1 mRNA (Supplementary Fig. S1B ). However, the repression of Cyp1a1 mRNA expression by IL-1h, but not PMA, was alleviated by two different siRNA oligonucleotides directed against RELA (Fig. 4B) . This result is not surprising, given that previous reports have described RELA/NF-nB repression of Cyp1a1 induction through tumor necrosis factor-a (TNF-a) and lipopolysaccharide signaling (11) . A representative image of siRNA silencing of constitutive and PMA induced (12 hours) c-JUN and C/ EBPh or constitutive RELA in MCF-7 cells is shown to confirm that siRNA oligonucleotides were efficient at reducing expression of target proteins (Supplementary Fig. S1C) . Additionally, ChIP assay shows that the decrease in Cyp1a1 mRNA expression is mirrored by an overall decrease in AHR occupancy at the Cyp1a1 enhancer element (Fig. 4C) .
Both RELA and AHR expression are required for TCDDmediated and IL-1B-mediated synergistic induction of IL-6. Whether RELA or AHR expression is required for high level of induction of IL-6 after treatment with IL-1h + TCDD was tested through the use of siRNA-mediated gene silencing in MCF-7 cells. Targeted knockdown of the AHR mRNA revealed that AHR protein level was almost totally abated ( Supplementary Fig. S1D ). Under these conditions, TCDD-induced Cyp1a1 mRNA expression is lost ( Supplementary Fig. S1E ). Silencing of AHR expression eliminates TCDD-mediated synergistic induction of IL-6 (Fig. 4D, a) . Interestingly, AHR silencing also led to a dramatic repression of constitutive and IL-1h-mediated expression of IL-6. This observation suggests that the AHR may play a role in regulating the relatively low amount of constitutive IL-6 expression in MCF-7 cells. The role of RELA in mediating IL-6 production was assessed using siRNA-mediated targeted knockdown. Silencing of RELA expression in MCF-7 cells leads to a greatly reduced level of IL-1h-mediated, TCDD-mediated, or TCDD + IL-1h-mediated induction of IL-6 (Fig. 4D, b) . In addition, IL-8 expression was examined and its expression was also greatly diminished after RELA knockdown ( Supplementary Fig. S1F ). These results support a critical role for RELA in regulating IL-6 expression in MCF-7 cells, but does not resolve the question as to whether the role of the AHR in the synergistic response is mediated through the presence of NF-nB at the IL-6 promoter.
Similar modes of Cyp1a1 and IL-6 gene regulation are observed in ECC-1 cells as are seen in MCF-7 cells. To show that the previously described effects on CYP1A1 and IL-6 expression are not restricted to MCF-7 cells, we repeated these experiments in the endocervical cancer cell line ECC-1. As seen in Fig. 5 , cotreatment of ECC-1 cells with TCDD and IL-1h resulted in repression of Cyp1a1 (Fig. 5A ) mRNA levels and synergistic induction of IL-6 (Fig. 5B) compared with TCDD alone. Levels of CYP1A1 (Fig. 5C ) and IL-6 (Fig. 5D, b) protein expression correlate well with mRNA expression (Fig. 5A and D, a) and are very similar to what is observed in MCF-7 cells. The level of synergistic induction of secreted IL-6 in ECC-1 cells is particularly dramatic compared with TCDD or IL-1h alone. It should be noted, however, that not all tumor cell lines tested were responsive. In T-47D and HepG2 cells, Cyp1a1 mRNA was highly inducible by TCDD, but no repression after cotreatment with PMA or IL-1h was observed, and IL-6 mRNA expression in both lines was largely undetectable (data not shown).
Increased chromatin remodeling mirrors IL-6 expression changes, and the AHR is recruited to the IL-6 promoter. To assess if the synergistic induction of IL-6 is reflected through chromatin remodeling, ChIP assays were performed using acetylated histone-4 as a marker. Expectedly, levels of acetylated histone-4 are highest when cells are cotreated with TCDD and either PMA or IL-1h (Fig. 6A) . Additionally, ChIP assay also shows that the AHR itself is recruited to the IL-6 promoter in a liganddependent manner (Fig. 6B) . These results strongly suggest that AHR regulates IL-6 transcription at the chromatin level. Figure 3 . Repression of CYP1A1 and IL-6 synergistic induction by combinatorial TCDD and PMA/IL-1h treatment was assessed at the protein level. A and B, MCF-7 cells were plated in 10 cm 2 dishes, serum-starved for 18 h, and treated with DMSO vehicle, 10 nmol/L PMA, 81 nmol/L PMA, and 10 ng/mL IL-1h alone, or in combination with 1 nmol/L TCDD for 5.5 or 20 h. Whole-cell extracts were prepared, and expressed levels of AHR and CYP1A1 were assessed by immunoblot. Cellular levels of p23 were used as a loading control. C and D, MCF-7 cells were plated in 12-well dishes, serum-starved for 22 h, and treated with DMSO vehicle, 10 ng/mL IL-1h, 1 nmol/L TCDD, or TCDD and IL-1h for 24, 48, and 72 h, respectively. C, IL-6 mRNA levels were determined by quantitative real-time PCR. D, at each time point media was collected and used to quantify IL-6 protein levels by ELISA. Gene expression and protein values are the average of quadruplicate samples. IL-6 mRNA values are normalized to cellular levels of gapdh mRNA. Error bars, SD between samples. In A, the arrow is CYP1A1 and the * is a nonspecific band.
THP-1 conditioned media in combination with AHR activation causes enhanced expression of IL-6 and repression of Cyp1a1. It is important to show that AHR activation can synergize with a mixture of inflammatory signals that may be released into the microenvironment of a tumor. Therefore, the human THP-1 monocytic cell line was differentiated into cytokinesecreting macrophage-like cells by sequential treatment with PMA and LPS. Media collected from the differentiated THP-1 cells were added to serum-starved MCF-7 cells in combination with DMSO vehicle or 1 nmol/L TCDD. As seen in Fig. 6C , AHR activation, in combination with the conditioned media, results in a 3.5-fold enhancement of IL-6 mRNA expression over the induction observed with unconditioned media in the presence of TCDD or conditioned media alone. Additionally, signaling through conditioned media exposure resulted in the attenuated ability of TCDD to induce Cyp1a1 expression (Fig. 6D) . This experiment shows that the AHR-dependent synergistic induction of IL-6 could occur in a cellular microenvironment where inflammatory signaling is prevalent, as observed in many cancers.
Discussion
PMA is a potent activator of PKC that eventually leads to a loss of PKC protein levels. Studies using a dioxin responsive element (DRE)-driven luciferase reporter vector have indicated that activation of PKC enhances AHR-mediated transcriptional activity (28) . Interestingly, inhibition of PKC activity through the use of inhibitors represses AHR activity. In contrast, studies examining the influence of PMA treatment on AHR ligand-mediated induction of CYP1A1 have revealed that PMA leads to a decrease in transcriptional activity (29, 35) . At the time, this was attributed to the ability of PMA to lead to PKC down-regulation. However, there are other possible explanations, such as PMA exposure leads to activation of AP-1 or NF-nB. This concept is supported by the fact that activation of inflammatory signaling pathways by either IL-1h, TNF-a, or LPS can suppress AHR ligand inducible CYP1A1 activity in Hepa 1 cells (36, 37) . The results in Figs. 1 and 2 confirm that both PMA and IL1h treatments leads to repression of TCDD-induced Cyp1a1 mRNA levels in MCF-7 cells. Using siRNA gene expression knockdown, the possible role of several key transcriptional mediators of inflammatory signaling in Cyp1a1 transcriptional repression was tested. Reduced expression of only RELA expression resulted in recovery of TCDD-mediated Cyp1a1 mRNA levels after IL-1h treatment (Fig. 4) . However, knockdown of RELA expression had no effect on Cyp1a1 transcription after cotreatment with TCDD and PMA. This suggests that PMA and IL-1h use distinct mechanisms to repress Cyp1a1 transcription. ChIP analysis revealed that IL-1h cotreatment with TCDD reduced the amount of AHR present at the Cyp1a1 promoter. This result, coupled with the RELA siRNA experiment would suggest that RELA interferes with the recruitment of the AHR/ARNT complex to the Cyp1a1 promoter. This observation is consistent with earlier studies demonstrating that the AHR and RELA can suppress each other's transcriptional activity (11, 38) . Reduced levels of histone acetylation and AHR occupancy on the Cyp1a1 promoter were also observed with PMA treatment; however, the actual mechanism that mediates this effect remains to be determined.
TCDD and many polycyclic aromatic hydrocarbons (PAH) are potent AHR ligands that can mediate tumor initiation and Figure 4 . Role of select transcription factors in the regulation of Cyp1a1 and IL-6 transcription. A, MCF-7 cells were plated in 10 cm 2 dishes, serum-starved for 18 h, and treated with DMSO vehicle, 10 or 81 nmol/L PMA, and 10 ng/mL IL-1h alone, or in combination with 1 nmol/L TCDD for 5.5 h. Whole-cell extracts were prepared, and levels of ARNT, RELA, C/EBPh, and c-JUN were assessed by immunoblot. B, MCF-7 cells were plated in six-well dishes and transfected with siRNA directed against RELA 48 h before treatment to allow for efficient suppression of protein expression. Cells were treated with DMSO vehicle, 10 nmol/L PMA, and 10 ng/mL IL-1h alone, or in combination with 1 nmol/L TCDD for 2 h. Levels of Cyp1a1 mRNA were determined by quantitative real-time PCR. C, serum-starved MCF-7 cells were treated for 45 min with DMSO vehicle, 10 nmol/L PMA, and 10 ng/mL IL-1h alone, or in combination with 1 nmol/L TCDD. The ChIP assay was performed using an anti-AHR rabbit polyclonal antibody. The Cyp1a1 enhancer was amplified by PCR. A cathepsin D rabbit polyclonal antibody was used as a negative control. D, MCF-7 cells were nucleofected with control, Ahr-targeted or Rela -targeted siRNA oligonucleotides for 48 h before treatment. Immediately after nucleofection, MCF-7 cells were plated in six-well dishes in complete media for 24 h, serum starved for 24 h, and subsequently treated for 2 h with DMSO vehicle, 10 ng/mL IL-1h, 1 nmol/L TCDD, or TCDD and IL-1 h. Total RNA was isolated, cDNA prepared, and IL-6 mRNA levels were determined by quantitative real-time PCR. Gene expression values are normalized to cellular levels of gapdh mRNA. Error bars, SD between samples.
promotion. TCDD exhibits its ability to promote almost solely through continual activation of the AHR. In contrast, benzo[a]-pyrene and a number of other PAH are complete carcinogens that can behave both as initiators of DNA damage and as tumor promoters. It is generally accepted that this promotional phase involves the continued accumulation of DNA damage upon repeated exposures to PAH, although the AHR is also known to regulate the expression of genes involved in cell cycle progression (as reviewed in ref. 39) . Whether prolonged activation of the AHR plays a significant role beyond the induction of cytochrome P-450s that metabolize PAH to reactive intermediates is poorly understood. Data presented here clearly suggest that chronic activation of the AHR in some tumors would lead to elevated IL-6 levels that can act in a paracrine or autocrine manner to enhance tumor cell outgrowth, survival, or metastasis.
IL-6 has been shown to have tumor promotional effects in numerous tumor cell types, including breast, prostate, ovarian, and malignant cholangiocytes (40) . In these cells, IL-6 promotes tumor cell progression through the enhancement of proliferation, cell migration and angiogenesis, decreased apoptosis, or increased resistance to chemotherapeutic agents. An increased rate of proliferation of MCF-7 cells has been observed in three-dimensional cell culture using Matrigel in the presence of bone marrow stromal cell conditioned media (41) . This observation was later shown to be due to the presence of IL-6 in the media, and this effect was specific for ERa-positive breast tumor cell lines (24) . These studies, coupled with the data presented here, would suggest that the combination of inflammatory cytokines and AHR activation might also enhance MCF-7 cell outgrowth, although this hypothesis remains to be tested. It should be noted, however, that some studies have correlated IL-6 expression in cancer cells with antitumor properties (42, 43) . In fact, Lee et al. (16) suggest that, in the LNCaP prostate cancer line, protumorigenic IL-6 signaling properties are only acquired after the acquisition of constitutive IL-6 expression, whereas early paracrine signaling induces growth arrest and differentiation.
The AHR and the ER have been shown to interact functionally, as well as physically, and reciprocally modulate each another's transcriptional activities (44, 45) . It is well understood that the ER acts as a repressor of IL-6 transcription (46, 47). Therefore, it is possible that the AHR is decreasing the ability of the ER to repress IL-6, thereby resulting in more responsive cytokine-induced expression. However, it should be noted that the ER-positive T-47D cell line did not display synergistic induction of IL-6, implying that ER alone may not be the sole factor required for the observed synergy (data not shown). Clearly, additional studies are warranted to determine whether the ER plays a role in the synergistic induction of IL-6 mediated by the AHR. Regulation of IL-6 transcription is complex and can be directly modulated by the presence of NF-nB, C/EBPh, C/EBPy, and AP-1 at the promoter. Studies have indicated that these transcription factors, especially NF-nB and C/EBPh, can synergistically induce IL-6 transcription (34, 48) . Interestingly, the mode of IL-8 transcriptional regulation is similar, but no synergistic activation of IL-8 was observed after AHR activation. This suggests that the regulation of IL-6 is unique within the context of the cell lines used here and not applicable to all genes regulated by these common transcription factors. Through the use of siRNA experiments in Fig. 4 , a critical role for AHR and RELA in synergistic induction of IL-6 was established. Thus, IL-1h induction of IL-6 occurs primary through the NF-nB pathway. Future work will serve to elucidate the transcriptional components involved in IL-6 transcription in MCF-7 cells, through which the AHR mediates synergistic induction of IL-6.
MCF-7 cells exhibit very low constitutive expression of IL-6 in contrast to some other breast cancer lines, such as MDA-MB-231 (24) . Furthermore, studies have shown that activation and binding of NF-nB, C/EBPh, or C/EBPy to the IL-6 promoter is not sufficient to activate IL-6 gene expression in MCF-7 cells (49) . This seems to be due to negative regulatory factors at the promoter that silence constitutive and inducible IL-6 gene expression, although the precise mechanism has not been defined (50) . Also, differences in nucleosomal structures have been observed between IL-6 promoters in inducible and noninducible tumor cell lines. Yet, in these refractory cells, treatment with PMA in the presence of TCDD causes a dramatic synergistic induction of IL-6 (Fig. 1) . This suggests that activation of the AHR somehow overcomes these negative factors or allows remodeling of nucleosomal structures at the IL-6 promoter. In contrast, the addition of TCDD has no effect on PMA-mediated induction of IL-8, which is highly inducible by PMA alone. This would imply that the ability of AHR activation to synergize with inflammatory signals is promoter context specific and probably does not involve simply activating a transcription factor, such as NF-nB. In addition, attempts to model the PMA-mediated and TCDD-mediated synergy of IL-6 transcription were not observed using transient cell transfection with IL-6 promoter constructs (data not shown). This would indicate that the observed synergy requires the mode of regulation that occurs in the context of chromatin, thus making it more difficult to precisely define the mechanism of synergy. Indeed, a previous study in MCF-7 cells has also shown that IL-6 reporter constructs do not exhibit similar regulation as is observed with the endogenous gene (49) . This prevents us from performing a comprehensive promoter analysis of the regions required for synergistic IL-6 induction. No DRE could be detected in the proximal IL-6 promoter sequence; thus, whether the observed synergy is due to the AHR/ARNT heterodimer binding to a DRE remains to be determined. A candidate protein(s) that may explain the repressed state at the IL-6 promoter in MCF-7 cells includes corepressor complexes containing histone deacetylases and p50 homodimers. This is the first report establishing that exposure to AHR ligands (e.g., PAHs) can lead to derepression of IL-6 gene transcription upon coexposure with inflammatory mediators in certain tumor cell lines. These results may provide a key insight into a potentially important mechanism of tumor promotion by AHR ligands. Figure 6 . Increased chromatin remodeling and AHR presence on the promoter mirror the AHR-dependent synergistic induction of IL-6. Synergistic induction can be obtained via exposure to differentiated monocyte-conditioned media. A and B, serum-starved 15 cm 2 dishes of MCF-7 cells were treated for 60 min with DMSO vehicle, 10 nmol/L PMA, and 10 ng/mL IL-1h alone, or in combination with 1 nmol/L TCDD. ChIP assay was performed using an anti-acetylated histone-4 or anti-AHR rabbit polyclonal antibodies. The IL-6 promoter was amplified by PCR. A cathepsin D rabbit polyclonal antibody was used as a negative control. ChIP assays were repeated several times with essentially the same results obtained each time. C and D, MCF-7 cells were plated in six-well dishes and serum-starved for 24 h, after which half of the media was replaced with unconditioned or conditioned THP-1 media. Cells were immediately treated with solvent control (DMSO) or 1 nmol/L TCDD for 2 h. Levels of Cyp1a1 and IL-6 mRNA were determined by quantitative real-time PCR. Gene expression data are normalized to cellular levels of gapdh mRNA. Error bars, SD between samples.
